Abstract Persistence of cancer over evolutionary times is a challenging question for scientists. We explored here the idea that cancer might result from negative tradeoffs of adaptations that improve early survival and/or reproductive fitness. We focused on birth weight since this life history trait has a genetic basis and is also associated with fitness benefits early in life, especially survival. Our analysis includes 107 to 109 countries, 46 types of cancer and various potentially confounding variables. High birth weight was associated with an elevated incidence of ten cancers: kidney cancer, melanoma, multiple myeloma and pancreatic cancer, all four in both men and women, plus prostate and bladder cancers in men. These results, though correlational, suggest that antagonistic pleiotropy should be investigated further as a possible mechanism involved in the causation of cancer in humans.
Introduction
Because cancer is an important cause of human mortality (about one-quarter and one-eighth of death in wealthy countries and worldwide, respectively; see [45] ), its persistence over time is a challenging question for evolutionary biologists [17] . Recent advances in evolutionary medicine have highlighted that cancer-causing genes (oncogenes) can be maintained in populations through various processes. For instance, as for seemingly maladaptive genes in general (see, e.g., [21, 31, 44] ), natural selection is unlikely to strongly select against oncogenes when their negative effects occur after the reproductive life. In accordance with this hypothesis, there is with most common cancers a well-established relationship between clinical incidence and age [1, 14, 15] . Additionally, antagonistic pleiotropy might be an important component in the evolutionary maintenance of oncogenes (see [7] for a review). This hypothesis stipulates that certain genes have opposite effects on fitness at different ages, such that their effects are beneficial in early life, when natural selection is strong, but harmful at later ages, when selection weakens. A convincing example of such a phenomenon has recently been provided by Fernandez and Bowser [11] in Xiphophorus fishes: melanoma-promoting oncogene alleles are associated with larger body size and aggressivity and confer in early life advantages in male-male competition and female mate choice (see also [10, 12] ). The idea that cancer in humans might also result from negative trade-offs of adaptations that improve early survival and/or reproductive fitness is currently considered to be a viable hypothesis [11, 35] .
Birth weight is among the most promising variables to investigate in this context. This life-history trait is influenced by several non-genetic factors (e.g. food availability), but also has a genetic basis (e.g. [8, 22, 23, 39] ). Although its relationship to infant mortality is typically U-shaped as a result of stabilizing selection [16, 34] , it is also well established that higher birth weights (as long as they remain below extreme values) are associated with fitness benefits early in life, especially survival, under a large range of environmental conditions [38] . For instance, infants with a high birth weight have a lower vulnerability to infections compared with those who have a low birth weight, probably because they have better immune functions [2, 4, 5, 9, 13, 20, 25, 41, 42, 43] . Certain genes could therefore mediate antagonistic pleiotropy, associated with selection for enhanced birth weight due to survival benefits early in life at the expense of later increased risk of cancer [35] . Interestingly, several studies have associated greater birth weight with increased adult human cancer risk, but it remains unclear whether birth weight-cancer associations are either site-specific or similar across sites [24, 33] . Current evidence links high birth weight to breast cancer [30, 40] , prostate cancer [6, 29] and colorectal cancer [28] . Here, we tackle this question using a global geographical approach (see, e.g., [36, 37] ). Variations in birth weight and incidence of several cancers from nation to nation provide an opportunity for a comparative study throughout the world.
Materials and methods

Data
Worldwide statistics on 46 cancers in women and men (oesophagus; stomach; bladder; brain, nervous system; nasopharynx; lip, oral cavity; larynx; other pharynx; leukaemia; colorectum; liver; gallbladder; pancreas; lung; melanoma of skin; breast; cervix uteri; corpus uteri; ovary; kidney; thyroid; Hodgkin lymphoma; non-Hodgkin lymphoma; multiple myeloma; prostate; testis) were obtained from the International Agency for Research on Cancer (IARC GLOBOCAN project, 2008, http://globocan.iarc.fr/). We did not consider mortality data since this variable is influenced (at least for certain cancers) by the access to therapies-a parameter that strongly varies between countries. Instead, we used incidence data (age-standardized rate) that derive from population-based cancer registries. Although the quality of data varies among countries, this information is still of unique importance as it often remains the only relatively unbiased source of information available on the profile of cancer (IARC, 2008) .
International data on mean birth weight and percentage of pre-term birth (i.e., below 37 weeks) were from a dataset available from the World Health Organization (WHO), and already analyzed by Thomas et al. [38] in an evolutionary context. Data on dietary energy consumption, kcal/person/ day, was from the FAO (www.fao.org/economic/ess/ess-fs/ fs-data/ess-fadata/en/). Data on the per capita gross domestic product (GDP) for each country are available at https:// www.cia.gov/library/publications/the-world-factbook/rankorder/2004rank.html.
Analyses
Linear regression was used to study the association between birth weight and log-transformed incidence of several cancers. Because national wealth might influence detection of cancer as well as birth weight, we controlled for national wealth by including the logarithm of per capita GPD in the models. Two other potentially confounding variables were included: average daily caloric intake and mean latitude as a surrogate for environmental factors. The prematurity rate was considered as a potential confounder. Male and female cancers were analyzed separately.
Results
Data were obtained for 107 to 109 countries, depending on the type of cancer. Some countries reported null incidence rates for some cancers. We assumed these figures were not reliable and excluded them. The cancers significantly associated with a higher birth weight are kidney cancer, melanoma, multiple myeloma and pancreatic cancer, all four in both men and women, plus prostate and bladder cancers in men. Cancer of the lips and oral cavity in women is also significantly associated with birth weight, although the association is in the opposite direction (a higher birth weight is associated with a lower incidence of this type of cancer). All results are summarized in Tables 1 (male) and 2 (female), where odds-ratios are given for an increase in birth weight of one standard deviation. Among confounders, only per capita GDP is consistently positively associated with cancer incidences.
Discussion
Assuming that cancers in humans might result from negative trade-offs of adaptations that improve early survival (as in Xiphophorus fishes, see Section 1), the objective of this study was to identify those cancers for which we cannot reject this hypothesis. Several interesting results emerge from our study. First, all significant relationships follow the direction predicted by the antagonistic pleiotropy hypothesis, namely higher birth weights are associated with higher cancer incidences, except for one cancer (lips and oral cavity in women). These findings are unlikely to result from a confounding effect of nutritional variables, which could promote both elevated cancer incidence [19] and high birth weight, because we considered both GDP and average daily caloric intake in our analysis. Second, to our knowledge, our study is the first to document an association between birth weight and cancer incidence for bladder cancer, kidney cancer, melanoma, multiple myeloma and pancreatic cancer. Our findings only partially support those from other studies; for instance, we confirmed that prostate cancer and birth weight are positively associated [6, 29] , but we did not detect significant association with breast and colorectal cancers [28, 30, 40] . Third, the best documented case of cancer maintained by antagonistic pleiotropy concerns a fish melanoma [11] , and the most significant association detected here also relates to a melanoma (both in men and women). Clearly, further research is necessary to determine the proximate links between birth weight and different types of tumors. Another interesting research direction would be to explore the links between cancer incidence and reproductive success, or traits associated with reproductive success such as stature for males [27, 32] .
Early childhood cancers are sometimes correlated with high birth weight (e.g. acute lymphoblastic leukemia, acute myeloid leukemia diagnosed before two years of age, Wilms' tumor, and neuroblastoma [3, 46] ). Such correlations suggest that causal mechanisms other than post-reproductive costs for early life gains may operate for some cancers. Studies are needed to address why high birth weight is associated with development of such early-onset cancers and whether similar explanations might apply to the late-onset cancers.
We would like to underline some potential limitations of this study. As for all medical geography studies, selecting the appropriate potential confounding variables is critically important, and despite our effort to control for various effects, we cannot exclude the possibility that other variables may have influenced with our results. It is possible that other important nutritional aspects are not captured by our variables. Similarly, the different geographic scales considered in literature may be responsible for the differences between some of our findings and previous reported results. Earlier studies have focused at a country scale and, consecutively, can be less influenced by confounding factors like GDP that can scramble this relationship between birth weight and cancer incidence. Our study considers a global scale that allows to study a larger variability in birth weights as well as in cancer incidence rates. As a result, our statistical analysis is expected to be more robust. In addition, we must keep in mind that analyses of data aggregated at the population level may not pertain to individual risk [18, 26] . Despite these limitations, we believe that these correlational results suggest that antagonistic pleiotropy should continue to be investigated as a process maintaining oncogenes in human populations, in particular for the ten cancers identified in our study.
